T
he tumor suppressor p53 is a master gene regulator controlling diverse cellular pathways, by either activating or repressing downstream genes. Among such genes is the proto-oncogene c-Myc, which is negatively regulated by p53 (1) . As a transcription factor, c-Myc regulates numerous genes directly or indirectly and thus plays an important role in cellular processes such as development, differentiation, cell proliferation and apoptosis. Deregulated expression of c-Myc has been detected in a wide variety of human cancers, including breast and colon, and is often associated with aggressive, poorly differentiated tumors (2) . In breast cancer, c-Myc overexpression could account for 30-50% of patients (3) . Therefore, there is a great interest in regulation of c-Myc. It have been reported that p53-mediated repression of c-Myc may involve transcriptional repression (4, 5) . However, it is not clear whether other mechanisms may also account for this negative correlation between p53 and c-Myc. Specifically, no information is available as to whether microRNAs (miRNAs) play a role in the p53-mediated c-Myc regulation system. miRNAs are small endogenous noncoding RNAs that have been shown to be crucial posttranscriptional regulators of gene expression (6, 7) . Unlike short interfering RNAs (siRNAs), miRNAs typically silence multiple genes instead of a single gene because miRNAs target mRNAs at the 3Ј-untranslated region (3Ј-UTR) by partial sequence homology, leading to mRNA degradation or translation repression. It is predicted that an average miRNA can have Ͼ100 targets (8) . Evidence suggests that miRNAs are often deregulated in human malignancies and can function as either oncogenes or tumor suppressors. In this regard, miR-145 belongs to a member of putative tumor suppressing miRNAs, because it is frequently underexpressed in many types of tumors (9, 10).
The goal of this study was to determine whether p53 negatively regulates c-Myc through the induction of miR-145, because we have evidence that miR-145 directly silences c-Myc expression. We show that miR-145 is expressed in response to stress through the phosphoinositide-3 kinase (PI-3K)/Akt and p53 pathways. Specific suppression of PI-3K/Akt causes up-regulation of miR-145 in a p53-dependent manner. We further show that p53 induces miR-145 expression by interacting with the miR-145 promoter, and that miR-145 directly targets the oncogene c-Myc. As a new member of the p53 regulatory network, miR-145 may play a critical role in the posttranscriptional regulation of c-Myc by p53. Therefore, our study provides a previously undescribed mechanism of p53-mediated repression of c-Myc.
Results

Expression of miR-145
Through the Akt and p53 Pathways. It has been reported that miRNAs are frequently deregulated in malignant tissues (11) . Among them is miR-145, which is underexpressed in several types of tumors (9, 10, 12) . Consistent with these reports, we found that miR-145 was underexpressed in breast and colon cancer specimens, compared with matched normal tissue samples (Fig.  1A) , suggesting that miR-145 is a putative tumor suppressor. In particular, down-regulation of miR-145 was more prominent in colon cancer than in breast cancer. These findings prompted us to investigate the regulation of miR-145 in both colon cancer and breast cancer cells. Because activation or overexpression of Akt is often observed in colon cancer (13, 14) , we examined levels of the phosphorylated Akt (pAkt) in colon cancer specimens by immunohistochemistry and confirmed that most of the tumor specimens expressed higher levels of pAkt than normal tissue specimens (Fig.  S1 A, and Table S1 ). Because Akt is a key regulatory factor in the mitogen-mediated signaling pathway, we then tested the effect of serum starvation on miR-145. We showed that serum starvation caused a significant induction of miR-145 in both colon cancer HCT-116 and HCT-8 cells (Fig. 1B) . In agreement with this result, the PI3-K inhibitor LY294002 strongly suppressed pAkt and at the same time, it significantly enhanced miR-145 expression (Fig. 1C) , highlighting the importance of the Akt pathway in miR-145 expression. A number of regulatory genes are controlled by the Akt pathway; 2 important downstream transcription factors involved in tumor suppression are forkhead (Foxo) and p53 (15) . Because transient transfection experiments indicated that Foxo has no significant effect on miR-145, we then tested whether p53 is involved in miR-145 expression. It is well known that, whereas the active Akt phosphorylates MDM2, which in turn stimulates p53 degradation, inactivation (dephosphorylation) of Akt increases the stability of p53 (16) . Consistent with this, we confirmed that both serum starvation and the PI3-K inhibitor LY294002 induced p53 in HCT-116 cells (Fig. S1B) . A known p53 inducer, doxorubicin (Doxo), also induced miR-145 expression (Fig. S1C) . Therefore, we determined whether Akt-mediated miR-145 expression is through activated p53 using a dominant negative Akt (Akt-DN) (17) . As shown in Fig. 1D , Akt-DN induced miR-145 in a p53-dependent manner. In p53ϩ/ϩ HCT-116, the level of miR-145 in the Akt-DN-transfected cells was Ͼ4-fold higher than in vector control (Fig.  1D) . However, in p53Ϫ/Ϫ HCT-116 cells, Akt-DN revealed no effect on miR-145 expression, demonstrating the important role of p53 in Akt-mediated miR-145 expression. Therefore, it would be of interest to further define the role of p53 in the induction of miR-145.
p53 Induces miR-145. Bioinformatics analysis of the putative miR-145 promoter using the MatInspector module of the Genomatix database further suggested that p53 is a potential miR-145 regulator, because there are 2 putative p53 response elements in a 1.5-kb DNA fragment upstream to the pre-miR-145. Therefore, we tested whether p53 can induce miR-145 in breast cancer MCF-7 cells ( Fig.  2A Inset) , in addition to colon cancer HCT-116 cells in which p53 induced miR-145 expression. As expected, the miR-145 level was significantly up-regulated by p53 (Fig. 2 A) . To determine whether the endogenous p53 can also induce miR-145, we treated MCF-7 with Doxo, which caused up-regulation of the endogenous p53 (Fig.  S2 A) . From the same treated cells, we detected an Ϸ4-fold increase in the miR-145 level as compared with no drug treatment (Fig.  S2B ). To better define the role of p53 in miR-145 induction, we compared p53ϩ/ϩ and p53Ϫ/Ϫ HCT-116 cell lines. As shown in Fig. 2B , Doxo induced p53 expression, as did the p53 target gene p21. It is of importance that this occurred in p53ϩ/ϩ cells but not in p53Ϫ/Ϫ cells (Fig. 2B) . Consistent with the p53 induction, we detected an Ϸ3-fold increase in miR-145 levels in Doxo-treated p53ϩ/ϩ cells compared to no Doxo control. In contrast, there was no such induction of miR-145 in p53Ϫ/Ϫ cells (Fig. 2B ). Because p53 (R175H) is the most frequent mutant in colon cancer (18) , we tested the effect of this mutant p53 on miR-145. The mutant p53 revealed no significant effect on miR-145 (Fig. 2C) , demonstrating an important role of wild type p53 in the induction of miR-145. To determine whether p53 activates the miR-145 promoter, we cloned a 1.4-kb putative miR-145 promoter carrying the 2 p53 response elements (p53REs) into a pGL3 basic vector to generate pMir-145p-Luc-1 (Fig. 3A) . We first tested pMir-145p-Luc-1 in NIH/3T3 cells. As shown in Fig. 3B , p53 increased miR-145 promoter activity by 7-fold. This p53 induction of luciferase activity was specific to the miR-145 promoter, because it had no effect on a different promoter from miR-205 with the same length of insert (pMir-205p-Luc) (Fig. 3B) . We also tested pMir-145p-Luc-1 in MCF-7 cells. Similarly, p53 also increased miR-145 promoter activity in MCF-7 cells (Fig. 3C ). These results support the idea that p53 induces not only the endogenous miR-145 level, but also the miR-145 promoter activity.
The sequences of p53RE-1 and p53RE-2 are shown in Fig. 3A as compared with the p53RE consensus (19) . To determine whether any of the 2 elements directly interacts with p53 to mediate the induction of the miR-145 promoter by p53, we generated a series of deletion constructs (Fig. 3D Left) . Based on luciferase assays, it was evident that only p53RE-2 was responsible for p53-mediated miR-145 induction, because the deletion or mutation of p53RE-2 abolished the induction activity whereas the deletion of p53RE-1 had no effect on p53-mediated induction of the miR-145 promoter activity (Fig. 3D Right) . To further define the role of p53RE-2 in miR-145 induction, we performed chromatin immunoprecipitation (ChIP) assays. Consistent with the luciferase results, we detected 1 specific PCR product derived from p53RE-2 ( Fig. 3E) but not from p53RE-1 after transfection with p53. Moreover, we treated p53ϩ/ϩ and p53Ϫ/Ϫ HCT-116 cells with Doxo. Again, we detected a specific band in p53ϩ/ϩ HCT-116 cells but not in the p53Ϫ/Ϫ cells (Fig. 3E) . Therefore, p53RE-2 was responsible for the p53-mediated induction of miR-145 promoter activity, suggesting that p53 induces miR-145 by directly interacting with its promoter.
c-Myc Is a Direct Target of miR-145. Bioinformatics searches (see SI Text) combined with assays of luciferase reporters carrying the 3Ј-untranslated region (3Ј-UTR) identified several putative miR-145 target genes, including c-Myc and MMP-11. In particular, c-Myc is a well known oncogene that plays an important role in neoplastic transformation and apoptosis (20) and can be negatively regulated by p53 (1). However, the underlying mechanism of c-Myc regulation by p53 is not well understood. To determine whether miR-145-mediated silencing of c-Myc is another mechanism responsible for c-Myc repression by p53, we ectopically expressed miR-145 in both HCT-116 and MCF-7 cells. As expected, c-Myc expression was significantly lower in the miR-145 transfected cells than in vector control cells (Fig. 4A) . In both cell lines, the level of suppression was Ϸ60% (not shown). In contrast, the mutant miR-145, in which the seed sequence was mutated (Fig. 4E) , had no effect on c-Myc. To further determine the specificity of the miR-145 targeting of c-Myc, we used the antisense locked nucleic acid (LNA) oligo of miR-145 (anti-miR-145) to knockdown the miR-145 level, which was confirmed by TaqMan real-time PCR (Fig. S3 ). As shown in Fig. 4B , anti-miR-145 was able to enhance c-Myc expression. Immunostaining further confirmed that the ectopic expression of miR-145 substantially suppressed c-Myc expression (Fig. S4) . At the same time, real-time RT-PCR analysis of the same transfected cells indicated that c-Myc mRNA was also suppressed by Ͼ50% in the miR-145 transfected cells as compared with vector control (Fig. S5A) .
To further determine the effect of miR-145 on c-Myc, we then examined c-Myc downstream target genes, including the mRNA cap-binding protein eIF4E, and CDK4, both of which are direct target genes of c-Myc (21, 22) . miR-145 suppressed the expression of eIF4E and CDK4 (Fig. 4C) and it also suppressed the miR-17ϳ92 cluster (Fig. S5B) , which has been shown to a direct target of c-Myc (23). These results suggest that miR-145 can indirectly suppress these downstream genes by silencing c-Myc. Given that c-Myc plays a role in the regulation of the cell cycle, and c-Myc is able to increase S phase cell population (24), we performed cycle analysis of the miR-145 transfected cells. miR-145 reduced the S phase cell population by Ϸ9% (Fig. 4D) . Together, these results suggest that c-Myc is a target for miR-145.
To determine whether miR-145 directly targets c-Myc, we constructed a luciferase reporter carrying c-Myc 3Ј-UTR with a putative miR-145 binding site (Fig. 4E) . We detected a reduction of luciferase activity by Ϸ50% in the miR-145 transfected cells as compared with vector control (Fig. 4F ). This suppression of the luciferase activity was specific to miR-145 because the mutated miR-145 at the seed sequence lost its suppressive activity (Fig. 4F) . We further showed that the miR-145 binding site in c-Myc 3Ј-UTR was required for this regulation; deletion of the binding site (Luc-c-Myc-UTR-d) abolished its suppression (Fig. 4F) . Thus, miR-145 directly targets c-Myc, which is likely through interacting with this binding site.
miR-145 Suppresses Tumor Cell Growth both in Vitro and in Vivo.
Given the ability of miR-145 to silence c-Myc, miR-145 is expected to have an impact on tumor cell growth. Growth inhibition assays for cells transfected with miR-145 supported this notion, because miR-145 caused a significant decrease in cell growth for both HCT-116 and MCF-7 cells (Fig. S6 A and B) . In addition, soft agar assays indicated that miR-145 suppressed anchorage-independent growth (Fig. S7 A-D) . Therefore, it appears that miR-145-mediated c-Myc suppression could in part be attributed to the tumor suppressive role of miR-145. To further define the tumor suppressive role of miR-145, we infected HCT-116 cells with the lentiviral vector expressing miR-145 (Fig. S8) . Real-time PCR analysis revealed an Ϸ6-fold higher of the miR-145 level in the miR-145-infected cells than vector control (Fig. S9A) , and this difference between the miR-145-infected cells and vector control cells is approximately equivalent to the fold difference between the normal colon tissue and matched tumor tissue samples (Fig. 1 A) , suggesting its clinical relevance. As shown in Fig. S10A , tumor growth with miR-145 was significantly slower than that with the vector control. In agreement with the tumor growth curve, the tumor weight for miR-145-infected cells was significantly lower than that of the vector control (Fig. S10 B  and C ) . We randomly selected 1 tumor each for vector control and miR-145, respectively, and found that the level of miR-145 of the tumor derived from the miR-145-infected cells (Fig. S9B ) was higher than vector control; this difference was similar to that found when the cells were injected into mice (Fig. S9A) , suggesting that the level of ectopically expressed miR-145 remains constant during the period of tumor growth in mice. We also extracted protein from 3 tumors derived from vector controls or miR-145 infections. Western blot analysis confirmed that the miR-145 tumors expressed lower levels of c-Myc than the vector control tumors (Fig. S10D ) . Consistent with the Western blot results, we found that c-Myc mRNA was also down-regulated in the miR-145 tumor (Fig. S9C) . These results support a role for the miR-145-mediated silencing of c-Myc in the tumor growth inhibition, although given the nature of miRNA targeting, it is also possible that other miR-145 targets could be responsible for the observed inhibition phenotype.
Role of miR-145 in p53-Mediated Repression of c-Myc. Having demonstrated that (i) miR-145 suppresses tumor cell growth both in vitro and in vivo, likely in part through direct silencing of c-Myc; and (ii) p53 induces miR-145, we next investigated whether p53 negatively regulates c-Myc through the induction of miR-145. As shown in Fig. 5A , ectopically expressed p53 substantially reduced c-Myc expression. However, the mutant p53 had no effect on c-Myc expression. We also showed that the Doxo-induced p53 repressed c-Myc in MCF-7 cells (Fig. 5A Right) . performed time-course experiments and found that the c-Myc repression was mirrored by the miR-145 induction in a timedependent manner, which only occurred in the p53ϩ/ϩ HCT-116 cells (Fig. S11) . Of note, the c-Myc repression had a small lag period compared with p53 and miR-145 induction.
To demonstrate the role of miR-145 in the p53-mediated repression of c-Myc, we determined whether this p53-mediated repression of c-Myc can be reversed by knockdown of miR-145. Although induction of p53 reduced the c-Myc level, this reduction was blocked by anti-miR-145 in p53ϩ/ϩ HCT-116 cells (Fig. 5C Left) . For example, Doxo/p53 caused reduction of the c-Myc level by Ϸ60%. However, when the cells were pretreated with anti-miR-145, the c-Myc repression was reversed to 8% (i.e., 92% of the no Doxo control), suggesting that anti-miR-145 can block this p53-dependent and miR-145-mediated c-Myc repression. The reason for incomplete blockade of the c-Myc repression is possibly due to other p53-mediated mechanisms involved. In p53Ϫ/Ϫ HCT-116 cells, Doxo caused no repression of c-Myc, as expected. Importantly, anti-miR-145 increased the c-Myc level by Ϸ250% (Fig. 5C Right) , which was similar to the level in the p53ϩ/ϩ cells without drug treatment (Fig. 4B) . Similarly, anti-miR-145 was able to block the c-Myc repression in the Ly294002 or c-Myc-siRNA cells (Fig. S12) . Moreover, anti-miR-145 increased S phase cell populations in general (Fig. S13 A and B) . However, anti-miR-145 caused only a slight reduction of p53-induced apoptosis (Fig. S13C) . We then examined the effect of c-Myc knockdown on the levels of p21 and Bax, both of which are direct targets of p53. As shown in Fig. 5D , c-Myc knockdown had no effect on Bax level, but p21 level was increased, which is likely because c-Myc can suppress p21 by partnering with Miz1 (25); when c-Myc is reduced, p21 is increased. Anti-miR-145 increased the c-Myc level in the presence or absence of c-Myc-siRNA; it had no effect on Bax (Fig. 5D) . These results suggest that a lack of miR-145 impairs the p53-induced cell cycle arrest, but has little effect on p53-induced apoptosis or p53 targets such as Bax. Finally, to demonstrate that miR-145-mediated c-Myc suppression is a downstream event of p53, we ectopically expressed miR-145 in the p53 Ϫ/Ϫ cells and still detected reduction of the c-Myc level. (Fig. 5E ), further suggesting that this miR-145-mediated c-Myc repression can be independent of p53, if sufficient miR-145 is present in the cell. Therefore, these results collectively suggest that miR-145 is an important component of the p53-mediated c-Myc repression regulatory network. 
Discussion
Despite the overwhelming evidence suggesting that miRNAs could play a causal role in human malignancies, the mechanism underlying the deregulation of miRNAs and the miRNA-mediated gene silencing, which leads to cancer development, is still poorly understood. The available evidence suggests that p53 and c-Myc could be major key players in this complex network (26) . Although the relationship between p53 and c-Myc and how they regulate each other has been a focus of research for a long time, we still do not have a clear picture as to how the cell balances the effect of ''yin'' (e.g., p53) and ''yang'' (e.g., c-Myc). We present evidence that p53 induces miR-145 expression and thus, miR-145 is a new member of this p53 regulatory network. More importantly, through the induction of miR-145, p53 is able to repress c-Myc expression at the posttranscriptional level. Therefore, our finding identifies a critical role of miR-145 as a tumor suppressor in the p53 regulatory network and thus provides new insight into the p53-mediated regulation of c-Myc.
As a master regulator for gene expression, p53 has been shown to directly or indirectly regulate numerous protein-coding genes. However, only a very limited number of miRNAs have been shown to be direct targets of p53. To date, the miR-34 family are the only known miRNAs that are directly regulated by p53 (27) . Several groups have reported that the miR-34 family, including miR-34a, miR-34b, and miR-34c, are induced by DNA damage and oncogenic stress in a p53-dependent manner. Therefore, the identification of miR-145 as a direct p53 target expands the repertoire of p53-regulated genes. For example, through miR-145, p53 can indirectly suppress c-Myc, as we demonstrated in this study. Moreover, given that c-Myc and Miz1 can work together to suppress p21 (25) , miR-145 is expeted to be able to potentiate the induction of p21 by p53 because suppression of c-Myc by miR-145 would relieve the repression of c-Myc on p21 (Fig. 5D) . Finally, because silencing of c-Myc by miR-145 is a downstream event of p53 activity, p53 is able to specifically regulate different downstream pathways through induction of miR-145.
Given that miRNAs could play a ''fine-tuning'' role in gene regulation (28) , identification of miR-145 as a component of this regulatory network highlights the complexity of gene regulation involving important genes such as p53 and c-Myc. Understanding the role of miR-145 may also help to explain in part why c-Myc usually has a short half life (29) . Regulation of c-Myc is complex. In addition to the transcriptional regulation by various factors such as mitogens, other mechanisms such as ubiquitination also play an important role (30) . Moreover, c-Myc can enhance p53 expression through p19 Arf (31) . Our study suggests another regulatory mechanism through p53 and miR-145. Evidently, such a sophisticated regulatory network may be necessary for the cell to maintain the normal growth and proliferation. Interruption of this balance, such as the down-regulation of miR-145, could lead to cell malignancy.
Materials and Methods
Plasmids. Constructs expressing miR-145, luciferase-c-Myc-3Ј-UTR, and miR-145 promoter were generated by standard methods as detailed in SI. An adenoviral vector expressing p53, Ad-p53-GFP (32), was obtained from Vector Biolabs; a mutant p53 (R175H) expression vector and Akt-DN were obtained from Addgene.
Transfection. HCT-116 and MCF-7 cells were transfected by using DNAfectin reagent (Applied Biological Materials) following the manufacturer's protocol. Transfection of locked nucleic acid (LNA) anti-miR-145 (IDT) into HCT-116 cells was performed by using RNAfectin (Applied Biological Materials) in 6-well plates following the manufacturer's recommendations.
Transduction. The lentiviral vector (System Biosciences) expressing miR-145 was packaged and used to infect MCF-7 or HCT-116 cells according to the manufacturer's protocol.
Luciferase Assay. Cells were first transfected with appropriate plasmids in 12-well plates, and then were harvested and lysed for luciferase assay 24 h after transfection. Luciferase assays were performed by using a luciferase assay kit (Promega) according to the manufacturer's protocol. ␤-galactosidase or renilla luciferase was used for normalization.
PCR/RT-PCR and Real-Time RT-PCR.
PCRs were performed to amplify the putative miR-145 promoter according to the standard 3-step procedure. For RT-PCR, we isolated total RNA by using TRIzol reagent (Invitrogen) per the manufacturer's protocol and used 1 g of RNA to synthesize cDNA by SuperScriptase III (Invitrogen) with random primers. To detect c-Myc mRNA, we used the SYBR green method with primers c-Myc-5.1 and c-Myc-3.1 (Table S2) . Expression of miR-145 in cell lines or patient specimens was detected by TaqMan stem-loop RT-PCR method (33) .
